ceived great attention due to their beneficial health effects, particularly in modulating risk factors associated with cardiovascular diseases and diabetes through their ability to decrease plasma levels of very low-density lipoproteins and triacylglycerides 4 , and their favorable effects on insulin sensitivity 5 .
Dietary FAs differ from each other due to differences in the constituent chain length, number, and position of the double bond and geometry cis or trans of the double bond. In most naturally occurring unsaturated FAs, the geometric configuration is mainly cis form, hence the analysis of FA composition in raw/unprocessed food mainly focuses on the cis form of FAs. Recently, the role of MUFA isomers in lipid metabolism has received renewed attention due to reported differences in health benefits of geometric and positional isomers 6 . The present study focused on positional isomers of c-20:1 in fish oil. Positional isomers are defined as compounds with the same molecular formula but different position/location of an atom or functional group 7 . According to bioavailability, six positional isomers Various methods have been developed by researchers to determine the profile of positional and geometric isomers of FAs in foods. The official method by the AOCS for the determination of the isomeric profile of food uses gas chromatography GC fitted with the 100 m SP-2560 or CP-Sil 88 capillary column, operated at 180 isothermally 9 .
However, some positional isomers of c-20:1 found in fish oils are not clearly separated from each other, even on the 100 m long capillary column with a cyanopropyl siloxane phase 8, 10 . Furthermore, c5, c7, c9, and c11 positional isomers of 20:1 elute as a single peak on polyethylene glycol-coated columns, such as Omegawax 320 and FAMEWAX GC columns, which are commonly used for FA analysis in fish oil 10 . Recent application of the ionic liquid IL stationary phase imparts more polar functionalities to the capillary GC columns 11 , thus forming a useful tool in the identification of positional and geometric isomers of FAs in food. Nevertheless, the identification of LC-MUFA positional isomers from a complex mixture of fatty acid methyl esters FAME presents a major challenge due to overlap with other FAs. It has been previously reported that the geometric isomers of α-linolenic acid, γ-linolenic acid, and heneicosanoic acid 21:0 overlap with the isomers of c-20:1 on the SLB-IL111 GC column 12 .
Pre-separation of cis and trans geometric isomers from total FAME prior to GC analysis allowed for the correct determination of the isomeric profile of the samples. Thus, pre-fractionation of geometric isomers using silver ion thin layer chromatography Ag -TLC or silver ion HPLC Ag -HPLC followed by GC analysis is widely practiced in the analysis of monoenoic isomers 9 . Recently, some researchers have used reversed-phase HPLC RP-HPLC as an alternative method in separating the MUFA fraction of samples prior to GC analysis 13 .
The limited amount of data regarding the distribution of positional and geometric isomers of LC-MUFAs is mainly due to the unavailability of GC standards and appropriate GC columns. A few studies have investigated the distribution of positional isomers of c-20:1 and c-22:1 in fishes captured from the Pacific Ocean and Atlantic Ocean. In these studies, c-20:1 positional isomer was separated from flathead flounder and used as a reference 14 . Nakamura et al.
reported the distribution of c-20:1 in the lipids of 38 species, including Japanese pelagic fish, benthic fish, shellfish, and crustaceans 10, 14, 15 . To date, no research has been conducted on the distribution of positional isomers of LCMUFAs in fishes from the Indian Ocean. The current study aimed to quantify c-20:1 positional isomers in marine fish by RP-HPLC pre-separation followed by GC analysis using the commercially obtained c-20:1 isomers as a reference. The study also compared the isomeric profile of c-20:1 among fishes from the Indian, Pacific, and Atlantic Ocean.
MATERIALS AND METHODS

Chemicals and materials
Six positional isomers of c-20:1 c7, c9, c11, c13, c14, and c15 were obtained from Tsukishima Foods Industry Co., Ltd. Tokyo, Japan and used as standards in the identification of c-20:1 positional isomers in fish oil. The chemical reagents were obtained from Wako Pure Chemical Industries, Ltd. Osaka, Japan and Sigma-Aldrich Japan K.K. Tokyo, Japan . Standard FAMEs Supelco-37 component FAME mix and 21:0 were purchased from Sigma-Aldrich Japan K.K. c5-20:1 methyl ester was obtained from Nu-Chek Prep, Inc. Elysian, MN .
Sample collection
Fishes caught from the Indian Ocean n 45 were purchased from a fish-landing site in Negombo, Sri Lanka. The fishes were immediately chilled after purchase and brought to Japan under frozen and vacuum-sealed conditions. Fish from the Pacific Ocean n 3 and the Atlantic Ocean n 3 were purchased from a supermarket in Japan and stored under frozen conditions until used for oil extraction.
Sample preparation
Fish oil was extracted from the edible portion flesh in large or medium sized fish, whole fish with or without the gut in small fish of each fish using the Bligh and Dyer method 16 , and the oil percentage of each fish sample was determined on a wet weight basis. All the crude oil samples
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were stored at 40 until further analysis. FAME was prepared from each crude oil sample using the JOCS official method 2.4.1.2 17 with 21:0 used as an internal standard IS . The fish lipids were saponified in 0.5 M NaOH-methanol solution at 90 for 15 min and the resulting FAs were methylated using 14 BF 3 -methanol solution. Each FAME sample was purified using silica gel column chromatography and used in HPLC fractionation.
2.4 HPLC separation of 20:1 FAME Each FAME sample was added with a known quantity of c14-20:1 FAME as an IS prior to fractionation by HPLC. The eicosenoic methyl ester fraction from total FAME samples was obtained using RP-HPLC with semi-preparative octadecyl C18 silica gel column Inertsil ODS, 250 mm, 10.0 mm i.d., 10 μm particle size, GL Sciences Inc., Tokyo, Japan equipped with a solvent pump 1580-PU, JASCO Corporation, Hachioji, Japan at a flow rate of 4 mL/ min and a UV spectrometer L-4000, Hitachi High-Technologies Corporation, Tokyo, Japan at 210 nm wavelength and using a chromatopac integrator C-R5A, Shimadzu Corporation, Kyoto, Japan . Separated c-20:1 FAME fractions were vacuum evaporated and subsequently used in the GC analysis.
GC-FID analysis
Each FAME sample was screened for the availability of c-20:1 by analyzing total FA composition using GC-2014 Shimadzu Corporation fitted with a flame ionization detector FID . FAME separation was carried out on the Omegawax 320 capillary GC column 30 m 0.32 mm 0.25 μm, Sigma-Aldrich Japan K.K. and peaks were identified using the Supelco 37 component FAME mix standard data for total FA composition are not shown .
The c-20:1 FAME fractions obtained from HPLC were subjected to GC-FID analysis using GC-2014 Shimadzu Corporation fitted with a highly polar IL capillary column SLB-IL111, 100 m 0.25 mm 0.2 μm, Sigma-Aldrich Japan K.K. . Injector and detector temperatures were maintained at 250 . Separation was carried out isothermally at 160 using helium 1.2 mL/min as the carrier gas. The split ratio was 100:1. Three replicate analyses from step 2.3 to step 2.5 were performed per sample.
Quanti cation of c-20:1 positional isomers
The quantities of individual c-20:1 positional isomers mg/ g of oil were measured using c14-20:1 as an IS. The total and individual FA results are presented as the mean SD for three replicates. Relative response factor R f P s C a / P a C s where, P s and P a are peak areas, C s and C a are concentrations of IS and test positional isomer or analyte, respectively. Table 1 indicates the names scientific and common of fish analyzed, the portion of the fish that was used to extract lipid and the percentage lipid content wet weight basis . Fish from the Pacific Ocean demonstrated the highest percentage of lipid true sardine: 27.71 1.53 , saury: 25.05 0.65 followed by fish caught from the Atlantic Ocean Atlantic mackerel: 24.69 1.02 and the lowest percentage of lipids recorded in fish from the Indian Ocean with levels ranging from 0. 9 Longface emperor to 9.2 Spotted sardinella . In this study, the lipid content of fish from the Indian Ocean was low, which may be due to the removal of the head, viscera, liver, etc. during sample preparation. As reported by previous studies, the lipid content of the commercially important pelagic fish from the coastal sea along Sri Lanka varies between 0.69-14.6 and changes when compared with that of edible portion in some fish such as white sardinella 19 . In particular, fish from tropical regions have been previously reported to have lower amounts of lipids compared to those from Arctic and temperate regions. This finding is logical as body lipids act as an insulator against temperature variation and also provide stored energy when required. Table 1 The common name, scientific name, place of origin, % of lipid content, and part of fish used for lipid extraction in fishes from the Indian, Pacific, and Atlantic Ocean.
Gas chromatographic characteristics of
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pared with commercial materials along with c14-20:1 as an IS. Fig. 1 b shows the HPLC chromatogram obtained for total FAME in fish oil using the octadecyl silica gel column. Fractionation ranged from 14.8-16.5 min. It was clearly indicated that all the c-20:1 positional isomers were well separated from other FAs, in particular the polyunsaturated FAs. As a result, the ODS column demonstrated good fractionation ability of the c-20:1 isomers in fish oil samples.
The pre-separation of c-20:1 FAMEs by RP-HPLC eliminates polyunsaturated FAMEs that could be troublesome in the highly polar GC column and thereby increases the life span of the column. In a recent study, preparative RP-HPLC was used to separate the cis and trans isomers of unsaturated FAMEs contained in edible oils and reported a higher percentage of reproducibility of fractionation 98 20 . Some researchers have validated the RP-HPLC method of pre-fractionation by comparing data with Ag -TLC separation followed by GC analysis 21 . In the current study, the RP-HPLC method of separation provided a better alternative for Ag chromatography for the pre-separation of FAMEs prior to GC analysis.
3.3 Gas chromatographic characteristics of 20:1 positional isomers Relative response factor R f and resolution factor R s for c-20:1 positional isomers were calculated and values are shown in Fig. 2 and 
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and Nakamura et al.
14 for the same GC column and Ando and Sasaki 15 for the SLB-IL100 GC column. The IS c14-20:1 eluted Fig. 3 b between the isomer peaks of c13 and c15. In most of the positional isomers, the baseline was resolved clearly except in the c13 and c14 isomer pair. The clear separation of positional isomers on the GC column allowed for the correct identification of all the analyzed isomers.
The GC column polarity, length, operating temperature, and flow rate of carrier gas play an important role in the resolution of isomer peaks. The SLB-IL111 GC capillary column has the stationary phase with the highest polarity that has been commercialized for use in capillary GC 12 .
The column is coated with the polyionic liquid phase that exhibits a dual nature retention selectivity allowing it to separate both the polar and non-polar compounds 22 . The special functional properties of the IL used in the stationary phase of SLB-IL111 12 provides the highest thermal stability to the column and allows operation at wider and higher temperatures with a low column bleeding 23 . Data represents the mean±SD of three replicates (n = 3). Data represents the mean±SD of three replicates (n = 3); ND-Not detected This observation was true for some fishes analyzed in this study. The occurrence of a variety of double bond positions may not be due to the presence of multiple FA desaturase enzymes in fish since evidence of those desaturases is available mainly for Δ9 desaturase and few records of Δ5 desaturase 25 . Although, with certain exceptions, animals in general lack Δ15 desaturase, which is required for the production of the c5-20:1 positional isomer 26 . Marine fishes such as turbot, gilthead, sea bream, and golden gray mullet have displayed limited Δ5 desaturase activity, which can introduce a double bond between carbon number 5 and 6 in an acyl chain of the carboxyl end 27 .
Distribution of c-20:1 isomers in fishes from the Indian Ocean
The results clearly indicated that some of the fishes from the Indian Ocean contained unusually high quantities of c7-20:1 instead of c11-20:1. The occurrence of the c7-20:1 isomer may be less documented in previous studies as this isomer overlaps with the c9-20:1 isomer in most of the GC columns that are used in the analysis of FA composition of fish lipids 10 . It was reported that c7-20:1 was a minor component in the total c-20:1 content of most pelagic fish, which is rich in either c11 or c9-20:1 isomers. In contrast, the c7-20:1 isomer was one of the major isomers contributing to the total c-20:1 content in benthic fishes and also their dietary animals 14 . In the current study, a high content of c7-20:1 was mainly recorded in benthic fish 28 .
Some researchers have reported that in the majority of pelagic fish, the main isomer is c11-20:1, except in the northwest pacific fishes in which the c9-20:1 isomer contributes the highest proportion of the total c-20:1 14 .
Results from the current study are in accordance with the above observation. Ackman et al. 29 also reported that the c-20:1 positional isomers found in the marine environment show a predominance of n-9 c11 and n-11 c9 isomers, except for some marine invertebrates and some benthic organisms, such as brittle star and worms 25 . Apparently, LCMUFAs biosynthesized by marine benthic organisms, and thereby marine fish, particularly those that have access to these sources, i.e. bottom feeders, accumulate higher levels of particular FAs in their body. It was obvious that the content of each c-20:1 positional isomer in fish varied considerably according to geographic location and/or habitat whether pelagic or benthic . Subsequently, the feeding environment and pattern varies surface or bottom feeder among the fishes. In this study, among the Indian Ocean fishes, higher c-20:1 content was reported in bottom feeders benthic , whereas in the fishes from Pacific and Atlantic Ocean, pelagic fish contained a high content of c-20:1. FA composition of organisms in the same species and/or same genera are usually similar, but unique differences occur when some FAs are derived from their diet rather than synthesis de nevo 25 . According to . In previous studies, data regarding c-20:1 levels was derived from c11-20:1 levels as the reference since many commercial FAME mixes only included the c11-20:1 positional isomer. Consequently, the occurrence of c-20:1, reported as c11-20:1 may have been overestimated. This fact must be taken into consideration in future studies. The results clearly revealed that a wide range of c-20:1 positional isomers exist and can be comprehensively analyzed using the SLB-IL111 highly polar GC capillary column, as long as reference materials are available.
To the best of our knowledge, the data presented in the current study are the first to report on the distribution of c-20:1 positional isomers in fishes from the Indian Ocean. These fishes are commonly consumed by the Asian population, thus this study provides fundamental data about the dietary intake of c-20:1 positional isomers. The availability of FAs through diet depends on the percentage of these FAs in fish lipids as well as the total content of lipids in the edible portion of fish. Most of the species analyzed from the Indian Ocean had a comparatively low amount of c-20:1 than that of those from the Pacific and Atlantic Ocean, consequently their dietary availability is also low. The data presented in this study are a valuable resource for other researchers conducting comparative studies on fishes from different geographic locations.
CONCLUSION
The present study reported the occurrence and distribution of c-20:1 positional isomers in fishes mainly from the Indian Ocean, and compared these to fishes from the Pacific and Atlantic Ocean. In fishes from the Indian and Atlantic Oceans, c11-20:1 isomer contributed to the highest proportion of total c-20:1, followed by the c13-20:1 isomer. In contrast, c9-20:1 was the predominant isomer in fishes from the Pacific Ocean. The c11-20:1 isomer was not always predominant in fishes from the Indian Ocean as some benthic living fishes contained a high content of c7-20:1 isomer. In the Indian Ocean-fish group, high content of c-20:1 was reported in bottom living fish, though the pelagic fish in the Pacific Ocean and Atlantic Ocean was reported to have high content of c-20:1. The results demonstrated that the content and distribution of c-20:1 positional isomers varied with geographical location and habitat. Further studies are needed to study the effect of different positional isomers on health, as the distribution of these FAs was remarkably different among fishes from different oceans.
